Background: Implantable cardioverter defibrillator (ICD) leads are considered as the 'weakest link' in defibrillator systems due to FDA recalls and advisories involving popular lead models from major manufacturers. The rate of electrical failure of ICD leads not implicated in a recall is however not well determined. Methods: Medical records of patients implanted with ICDs at hospitals of the University of Pittsburgh Medical Center between 2002 and 2014 were analyzed. Leads were classified as having electrically failed if removed or replaced for reasons other than infection or heart transplantation. Patients were followed to endpoint of death or electrical lead failure. Results: 2410 consecutive ICD recipients (mean age 66 ± 13 years, women 22%, single/dual/biventricular-ICD 20%/44%/36%) were included. During a mean follow-up of 3.9 ± 3.3 years, 1272 patients (53%) died, 55 patients (2.3%) had ICD lead electrical failure, and 1052 (44%) patients were alive with functional leads at the time of last follow-up. Patients with failed leads had higher BMI (p ¼ 0.07), better functional status (p ¼ 0.04), higher serum creatinine (p ¼ 0.004), wider QRS complex (p ¼ 0.01), higher number of implanted leads (p ¼ 0.06) and were more likely to have ischemic cardiomyopathy (p ¼ 0.03). After adjusting for these variables in a binary logistic regression model, only a lower BMI, presence of nonischemic cardiomyopathy, and a better functional status remained independently predictive of electrical failure. Conclusions: Only 2.3% of non-recalled ICD leads experience electrical failure (annual failure rate of 0.6%). A higher patient functional status, lower BMI, and non-ischemic etiology of cardiomyopathy are independently associated with higher rates of ICD lead failure.
Introduction
Implantable cardioverter defibrillator (ICD) devices are indicated for primary and secondary prevention of sudden cardiac death [1] . ICD leads are considered the 'weakest link' in defibrillator systems [2] because of their high rates of failure and recall, such as with the previously popular Sprint Fidelis (Medtronic, Minneapolis, MN) and Riata (St. Jude Medical, Sylmar CA) ICD leads, recalled in 2007 and 2011, respectively [3] . These recalled ICD leads are prone to electrical failure by conductor fractures and/or insulation breaches [4] . Their annual rates of lead failure are 2.8% and 1.8%, respectively which has led to their FDA recall [5] .
It remains unclear, however, what the rate of ICD lead failure is after excluding recalled leads. Our study was therefore designed to investigate the rate of electrical failure of non-recalled defibrillator leads and analyze the clinical predictors of their electrical failure.
Methods
This study was approved by the Institutional Review Board at the University of Pittsburgh. All patients who underwent ICD implantation with non-recalled ICD leads at the University of Pittsburgh Medical Center between 2002 and 2014 were included in the study. Demographic and clinical characteristics were collected on all patients using the electronic medical record. Patients were followed in the outpatient device clinic with no less than 1 clinic visit and 3 remote checks per year, or 2 clinic visits per year in patients with no remote home monitoring. As the cohort spans the years 2002e2014, the overwhelming majority of patients in our cohort were not on home monitoring but rather followed in device clinic and electrical failure signals were noted either during scheduled clinic visits, or visits triggered by device auditory alarms.
As previously described [5e7], leads were classified in follow-up as (1) functional lead, patient deceased (from any cause); (2) functional lead replaced for any reason other than electrical lead failure (e.g., infection, heart transplantation); (3) electrically failed lead, replaced; or (4) functional lead, active. Lead failure was defined as electrical malfunction resulting in lead extraction or replacement with a new ICD lead. Criteria for lead failure were similar to previously defined standards [5, 6, 8] . Patients were followed to the endpoint of death (last date of record checking was August 2015), or electrical lead failure.
Statistical analysis
Continuous variables are presented as mean ± SD. Categorical variables are presented as absolute numbers or percentages. Univariate predictors of electrical lead failure were assessed using the student t-test and chi square test, as appropriate. All variables with p value < 0.10 on univariate analysis were included in a multivariate binary logistic regression model to assess the independent predictors of electrical failure. A p value < 0.05 was considered statistically significant. All statistical analyses were performed on SPSS, version 24.0 (IBM Inc., Armonk, New York).
Results
During the study period, 2410 consecutive recipients of nonrecalled ICD leads were identified (mean age 66 ± 13 years, women 22%, single/dual/biventricular-ICD 20%/44%/36%, Singlecoil 9%) and followed for a mean duration of 3.9 ± 3.3 years. The baseline characteristics of the overall cohort stratified by the absence or presence of ICD electrical lead failure is shown in Table 1 .
During follow-up, 1272 patients (53%) died, 84 patients (3.5%) had ICD system explanted, for infection (n ¼ 45) or for heart transplantation (n ¼ 39), 55 patients (2.3%) had electrical failure of ICD lead, and 1052 (44%) patients were still alive with functional leads at the time of last follow-up. Of the 55 patients with electrical ICD lead failure, 19 (35%) were confirmed to be pacemakerdependent. The overall lead survival rate free from electrical failure was 97.5%, which translates into an annual electrical failure rate of approximately 0.6%.
Univariate predictors of electrical lead failure included higher BMI (p ¼ 0.07), better patient functional status (p ¼ 0.04), higher creatinine (p ¼ 0.004), a wider QRS complex (p ¼ 0.01), higher number of implanted leads (p ¼ 0.06) and presence of ischemic cardiomyopathy (p ¼ 0.03). After including all these variables into a binary logistic regression multivariate model, only lower BMI, the presence of non-ischemic cardiomyopathy, and a better functional status remained independently predictive of electrical failure in non-recalled ICD leads ( Table 2 ).
Discussion
ICD lead failure requires prompt diagnosis due to serious consequences associated with delayed recognition. Lead failure may initially be clinically silent, and early detection before clinical presentation with inappropriate shocks or sudden death is thus important. This study represents a single-center experience providing follow-up data on 2410 non-recalled ICD leads. The main findings of our study are: (i) Electrical lead failure rate among nonrecalled defibrillator leads is approximately 0.6% per year during an average follow-up period of 3.9 years, which argues against the ICD lead being the "weakest link" when recalls and advisories are excluded.
(ii) In multivariate models, better functional status, nonischemic etiology of cardiomyopathy and lower BMI are independent predictors of electrical failure.
There is a significant amount of reporting bias in determining the incidence of lead failure, particularly that most failed leads are not extracted or returned to the manufacturer for analysis. The true incidence of failed leads is therefore likely higher than estimates from industry-maintained product performance reports. Monitoring of lead performance relies primarily on industry-based, postmarket surveillance and voluntary reporting to the Food and Drug Administration. The Sprint Fidelis (Medtronic, Minneapolis, Minnesota) and Riata family of leads (St. Jude Medical, St. Paul, Minnesota) are small caliber defibrillator lead that were implanted in approximately 150,000 and 79,000 patients in the United States respectively, at the time of their recall, which was in 2007 for the Fidelis and 2011 for the Riata. The estimated annual incidence of conductor fracture for the Fidelis lead was between 2.6% and 4.8% [9e11] whereas the insulation failure and conductor externalization of the Riata lead occurred in 1% to 2.8% of leads per year [10e13]. Our study shows that the rate of electrical lead failure among non-recalled defibrillator leads is approximately 0.6% per year during an average follow-up period of 3.9 years which is substantially lower than the failure rates of recalled leads discussed above.
Previous studies observed that leads in younger more active patients with less impairment of left ventricular function are more prone to failure [9, 14, 15] . Younger patients exhibit a higher level of physical activity which can result in higher incidence of movement and wear and tear affecting the leads. Less impairment of LVEF could also lead to ICD lead failure by similar mechanisms [15] . In our study, better NYHA functional class was associated with increased risk of lead failure likely related to greater physical activity.
On the contrary, Demirel et al. [16] reported that non-ischemic cardiomyopathy and impaired LVEF are also independent predictors of structural lead failure in cross-sectional analysis. The finding in our study is consistent with this observation. The association between non-ischemic cardiomyopathy and lead failure is likely a manifestation of survival bias. Patients with ischemic cardiomyopathy have a worse prognosis compared to non-ischemic cardiomyopathy [17] and therefore these patients may have shorter duration of follow-up. As the chances of lead failure increase with the dwell-time of the lead, the lower incidence of lead failure among patients with ischemic cardiomyopathy may be partially explained by the higher mortality rate in this group of ICD recipients.
Contemporary literature search does not yield any reported association between lower BMI and higher rates of electrical failure of ICD leads. Although not proven, we speculate that leads in patients with a lower BMI may be more crowded both intravascularly and in the device pocket, due to the smaller space. This may lead to higher radii of curvature of leads which could possibly result in mechanical failure and subsequent electrical failure. Paradoxically, the BMI was borderline higher in patients with lead failure, but in multivariate analysis, higher BMI was protective against electrical failure. This can potentially be explained by the fact that BMI may have partially tracked with functional status whereby higher BMI is likely associated with lower functional status, which was protective against lead failure.
Although several risk factors are associated with lead failure, predicting its occurrence is difficult in the clinical setting. In light of our findings, a subset of population may benefit from increased surveillance before clinical manifestations of lead failure occur, which is now possible through home monitoring systems, without the inconvenience of frequent clinic visits to the patient. As the use of totally subcutaneous ICDs without intravenous leads continues to expand, driven by data supporting their efficacy and safety, these devices may provide a solution for patients at high risk of ICD lead failure [18, 19] .
Our study has limitations. First, it is a single-center, retrospective analysis, and as such may be subject to bias and its results may not be readily applicable to patients in other settings. However, this study included all consecutive patients with leads implanted by multiple operators at a high-volume center thus minimizing referral and selection bias. In addition, our follow-up was limited to a mean of about 4 years. Over this relatively short period of time, few patients experienced lead failure. It is possible, albeit not proven, that with longer follow-up, a higher percentage of leads would exhibit electrical failure which is a time-dependent complication. Still, most of the recalled leads (Fidelis and Riata) had demonstrated significantly higher failure rates at follow-up durations comparable to ours [5] .
In conclusion, we demonstrate that the rate of electrical failure of non-recalled ICD leads is significantly lower than that of recalled leads. Independent predictors of electrical failure of ICD leads include a higher patient functional status, lower BMI and a nonischemic etiology of cardiomyopathy. Our results have direct implications to the counselling of ICD recipients and potentially to the recommended intensity of their device follow-up.
